ABSTRACT An ambient backscatter system could utilize the exiting ambient RF signals as both energy source and information carrier to enable the communications among battery-free devices and is deemed as a promising communication primitive for the Internet of Things (IoT). In this paper, we propose a time splitting strategy (TSS) and power splitting strategy (PSS) for the ambient backscatter system, where the tag-reflection coefficient is optimized according to dynamic channel variation. We also derive the analytical expressions of the outage probability and the optimal throughput for both the TSS and the PSS, which provides insights on the impact of system parameters, e.g., channel variance, RF source power, and circuit power consumption. The simulations showed that the proposed strategies can significantly outperform the traditional counterparts that rely on fixed reflection coefficient.
I. INTRODUCTION
The Internet of things (IoT) is a new communication paradigms [1] where any object of everyday life can be accessed and identified through the Internet via different types of sensors [2] , [3] . It was predicted by National Intelligence Council of US that by 2025 there could be billions of devices connecting to the IoT [4] . However, powering such massive number of devices is a key challenge [5] of IoT, while battery-based solutions tend to be costly due to the requirement of recharging or replacement.
One articular promising solution is the backscatter communications [6] , where a part of the incident RF signals is harvested for powering the circuit while the remainder will be backscattered for data transmission [7] . Interestingly, backscatter devices consume power orders-of-magnitude less compared to traditional wireless communications for two
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reasons: (1) they utilize exiting RF signals and require no active RF components; (2) they modulate data in simple analog scheme and do not require analog-to-digital converters (ADCs). A typical application is the radio frequency identification (RFID), where a reader generates continuous carrier waves and the tag modulates its ID onto the carrier by reflecting the signal back to the reader [8] , [9] . However, the RFID system demands for the deployment of a special-purposed power infrastructure, i.e., the reader.
A novel communication mechanism called the ambient backscatter was recently introduced in [10] - [12] , which functions without dedicated infrastructure and enables ubiquitous communications among battery-free devices. In this mechanism, the information device (the tag) leverages existing ambient RF signal as energy resource to harvest and also as signal resource to reflect.
Nevertheless, this newborn mechanism still faces many signal processing challenges. In [13] - [18] , the fundamental study of signal detection for the ambient backscatter system was presented and the optimal/suboptimal detectors were designed. In [20] , [21] , a theoretical model for ambient backscatter with differential encoder was built, where the bit error rate (BER) expression and upper/lower BER bounds were derived. In [22] , [24] , the ambient backscatter system over orthogonal frequency division multiplexing (OFDM) signal was proposed, where the data rate and outage capacity were analyzed. Moreover, it was shown in [25] that multi-antenna techniques can significantly improve the transmission reliability of the whole system. However, most works [13] - [25] were based upon the assumption that the reflection coefficient of the ambient backscatter communication is fixed, which is not always true in practice since the reflection power of ambient backscatter communication ties closely to the circuit power constraint and channel variation.
In this paper, we present two new transmission strategies for ambient backscatter system, i.e., time splitting strategy (TSS) and power splitting strategy (PSS). We then optimize the reflection coefficients of both TSS and PSS according to the circuit power constraint and dynamic channel variation. To make the study complete, we also derive the analytical expression for the outage probability as well as the optimal throughput for both the TSS and PSS. Numerical results show the superiority of the proposed strategies over the traditional ones and provide insights on the system parameter selection.
The remainder of the paper is organized as follows. Section II presents the system model and describes the two strategies. In section III, the optimal reflection coefficients of the two strategies are proved. In section IV, the analytical expressions for the outage probabilities are derived, along with the optimal throughput for both TSS and PSS. Section V provides the numerical results from which various design-insights are obtained. Finally, Section VI concludes the paper and summarizes the key findings.
Notation: P(X ) denotes the probability of the event X and E[X ] is the expectation of X; |h| represents the amplitude of complex number h; CN (µ, σ 2 ) denotes the circularly symmetric complex Gaussian distribution with mean µ and variance
2 du is the tail probability of the standard normal distribution.
II. SYSTEM MODEL AND STRATEGY DESCRIPTION A. CHANNEL MODEL
Let us consider a classical ambient backscatter system that consists of an ambient RF signal source, a passive tag, and a reader, as depicted in Fig. 1 (a) . Denote s[n] ∼ CN (0, P S ) as the RF signal transmitted from the ambient RF source, and P S is the signal power of the RF source. Due to the broadcasting nature of wireless networks, s[n] can be received by both the tag and the reader. The tag sends its own binary signal d[n] to the reader through backscattering the signal s [n] or not. Without loss of generality, we assume that d[n] has the equiprobability of being ''0'' and ''1'' due to the random nature of coding as well as interleaving [15] .
Denote the impedance of tag antenna as Z s and the impedance of the tag load as Z l . If Z s = Z * l , then part of the power of s[n] will be reflected. The amount of reflection depends on the reflection coefficient, defined as:
where A ∈ [0, 1] is the modulus of the reflection coefficient and ψ is the corresponding phase.
, and h tr ∼ CN (0, σ 2 tr ) as the coefficients of the channels from the ambient source to the reader, from the ambient source to the tag, and from the tag to the reader, respectively. All channels are assumed independent and identically distributed (i.i.d) to each other. The channel state information (CSI) can be estimated from algorithm in [26] , [27] and we here assume CSI is known for the system.
The signal received by the tag can be expressed as:
Since the tag mainly involves the operation of simple backscattering (little signal processing), the thermal noise at the tag is negligible [28] . Thus, the signal backscattered by the tag is
The received signal at the reader is the superposition of the RF signal from the source and the backscattered signal from the tag, given by:
where w[n] is the zero-mean white Gaussian noise (AWGN) with variance σ 2 n , i.e., w[n] ∼ CN (0, σ 2 n ). Moreover, We define the signal-to-noise ratio (SNR) as P S /σ 2 n . Since the tag transmits at a much lower rate than the Nyquist rate of the ambient RF signal, one may assume that d [n] remains unchanged for N consecutive s [n] . Reader then detects d [n] by sensing the energy changes within N consecutive y [n] , while the details can be found in [13] - [16] .
B. BACKSCATTER CIRCUIT
The block diagram of tag is illustrated in Fig. 1 (b) , which consists of a transmitter and a harvester that both use the same ambient RF signals and thus are both connected to the same antenna. The working period T at tag is divided into two stages: the waiting stage T W and backscatter stage T B . In the waiting stage the harvester extracts energy from the ambient signal to power the tag, while in the backscatter stage the transmitter is active and backscatters the signals. From (1), we know that the backscattered power is A 2 P S while the reminder (1 − A 2 )P S will be consumed or harvested by the circuit. Without loss of generality, we assume the whole system consumes a fixed power P c during the working period T , and set the energy harvesting efficiency as 1 to reduce the notation load. Thus the power constraint of the ambient backscatter system is expressed as:
Bearing in mind the principle of the backscatter circuit, we here propose two transmission strategies for the tag. The first one is named as TSS, where the power supply of the tag purely comes from the first T W period, while the ambient signal power of the rest T B period will purely be used for backscattering, as depicted in Fig. 2 (a) . Thus, the modulus A is set as A = 1. Denote ρ P c P S as the circuit-source power ratio. The duty cycle D is constrained by D ≤ 1 − ρ according to (5) .
The second strategy is named as PSS, where T W is set as 0 while both the power supply and the backscattering appear simultaneously, as depicted in Fig. 2 
(b). In this case, the reflection coefficient
For future use, we define A M and D M as the maximum modulus and the maximum duty-cycle respectively. Then, there are
III. REFLECTION COEFFICIENT OPTIMIZATION
It has been proved in [21] that when SNR of the ambient source is relatively large, the BER of the ambient backscatter system is 1
where = |h 2 sr − |h sr + αh st h tr | 2 | and = |h sr | 2 + |h sr + αh st h tr | 2 . Obviously, P b is only determined by the relative channel difference (RCD), defined as:
which ranges from 0 to 1. 
The objective of this paper is to find the optimal α that minimizes P b , i.e., maximizing RCD, and adjust the corresponding Z l . Thus the optimization problem can be formulated as:
The above optimization problem is challenging to solve, due to the following two reasons: (1) the optimization variable α is a complex number, and both the modulus as well as the phase of α affect RCD; (2) the objective function is a non-convex function of α owing to the modular arithmetic. Therefore, problem (P1) is non-convex, which is difficult to solve optimally in general.
Since it is difficult to obtain the optimal α = Ae jψ directly from (P1), we next try to find the optimal ψ and A respectively.
Let us first check the possible values of the optimal ψ for a given A under different channel conditions. Rewrite RCD as in (10) , as shown at the top of this page and re-express the channel coefficients as follows: 
where γ = Based on the above discussion, the optimal RCD can be represented as (12) shown on the top of this page. Note that the range of RCD op is [0, 1]. Next, let us separately illustrate how to find the optimal A and determine of the optimal ψ for TSS and PSS.
A. TIME SPLITTING STRATEGY
As discussed in (6), the modulus of α in TSS is fixed as A = A M = 1. We next determine the optimal α under two channel conditions: (12) . It can also be checked that R 2 (γ ) is monotonically increasing with respect to γ . Thus A = A M is the optimal value for R 2 (γ ). Meanwhile, since a sr /(a st a tr ) > A M , it can be checked that A = A M and ψ = ψ o 2 satisfy |h sr | 2 ≥ |h sr + αh st h tr | 2 , i.e., R 2 (γ ) is reachable. Hence, the optimal phase and modulus are A = A M and ψ = ψ o 2 respectively, and the corresponding optimal RCD is R 2 (γ ).
Remark 2: The optimal strategy for PSS is to fix the phase as ψ o 2 and adjust the modulus according to the channel conditions.
The overall optimal RCD of the two schemes can be represented as (13) and the whole process is summarized in Algorithm 1.
It is noticed that there is no iteration and loop in Algorithm 1, and thus the complexity is O(1).
IV. PERFORMANCE ANALYSIS
Define the outage probability as the probability that the BER with the optimized reflection coefficient exceeds some pre-determined threshold η. Mathematically, the outage probability can be expressed as
A. TIME SPLITTING STRATEGY
From (13) and (14), we know that for TSS, the outage probability can be expressed as: 
end ; α = Ae jψ ; end; return α; which can be further expanded as:
where
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From [29] , we know that the probability density function (PDF) of a 2 st a 2 tr can be expressed as follows:
From [30] , the PDF of 
Based on (24) and the integral method, we further derive P T o as follows:
B. POWER SPLITTING STRATEGY
Similar to TSS, the outage probability for PSS can be re-expressed as follows:
Applying the total probability law, we rewrite P P o as:
Following the similar steps of TSS, we obtain 1 − ρ}. Therefore, we can simplify P P o as follows:
With the PDF of
in (24), we further derive:
Besides the outage probability, we here also investigate the throughput of the ambient backscatter system. As Shannon theory cannot be directly used in ambient backscatter systems [31] , we define the equivalent throughput as follows: where the factor R represents the data rate of the tag-reader link. Without loss of generality, R is set as 1 (b/s) to simplify notation.
Since τ is a linear function of D, from (6) we obtain that the optimal duty cycle D * = D M , i.e., D * = 1 − ρ for TSS and D * = 1 for PSS. Thus the optimal equivalent throughput τ m is given by (31) , as shown at the bottom of this page, where κ
is the channel variance ratio.
V. NUMERICAL RESULTS
In this section, we provide numerical results to evaluate the proposed studies. We generate channels h sr , h st , and h tr randomly according to complex normal distribution. All the channels hold unchanged for the duration of 30 s[n], i.e., N = 30. Totally 10 6 Monte-Carlo runs are adopted for average. From (6) and (13), we know that RCD op is related to ρ and a sr /(a st a tr ). Since κ is a statistic of a sr /(a st a tr ), we will investigate the impact of ρ and κ over RCD. It should be noted that smaller ρ represents more sufficient energy while smaller κ implies better channel condition for data transmission. Fig. 3 shows RCD versus ρ for TSS and PSS with κ = 0.1 for both the traditional fixed reflection coefficient methods (A = A M , ψ = 0) and the proposed optimized reflection coefficient algorithms. We observe that the proposed algorithms significantly outperform the traditional ones for any value of ρ. For TSS, the performance remains unchanged with ρ, because of the uncorrelation between the optimal α of TSS and ρ. For PSS, the performance is decreasing with ρ, and become 0 when ρ = 1. The reason is as follows: Based on the analysis in Sec.III B, we can see that RCD op is either 1 or R 2 (γ ), and R 2 (γ ) is monotonically increasing with respect to γ , i.e., increasing with A M . Since A M = √ 1 − ρ, we know that R 2 (γ ) is decreasing with ρ and RCD op is non-decreasing with ρ. Fig. 4 shows the impact of κ over RCD when ρ = 0.5 for both the traditional and the proposed algorithms. We see that all the curves decline with the increase of κ. Meanwhile, the proposed algorithms perform much better than the traditional ones, especially when κ is large. , and (ρ = 0.9, κ = 1), respectively. We observe that the analytical results match well with the numerical ones for all η, which verifies the analytical expressions in (16) and (26) . It can also be seen that P T o (η) is not affected by ρ, while P P o (η) increases with ρ. Moreover, both P T o (η) and P P o (η) increase as κ increases. This is because P T o (η) and P P o (η) follow the reverse trend of RCD op , which can be seen from (14). We next show the throughput τ m of TSS and PSS versus κ in Fig. 6 with ρ = 0.5. It can be observed that both throughput of TSS and PSS decreases with κ, which is similar to Fig. 3 , Fig. 4, and Fig. 5 . An interesting observation is made here: For all κ, when η is small TSS performs better than PSS; however when η is large PSS performs better than TSS. The reason is as follows: When η is large, we can see from (18) that 1 (η) approaches to 0. Thus the term 1−ρ will dominate τ m in (31), which brings larger throughput for PSS. When η becomes smaller, from (22) and (28) we know that the term 1 − ρ leads to faster increase of P P o (η) than P T o (η). Thus PSS performs worse than TSS with small η. It can also be seen that for certain value of η, PSS yields higher throughput than TSS at smaller κ but yields less throughput at larger κ. is not affected by ρ, we can obtain from (30) that τ m is decreasing with ρ. For PSS, since D * = 1 and P P o (η) is increasing with ρ, from (30) we know τ m is decreasing with ρ. It is also seen that with larger η, PSS can achieve larger throughput than TSS but with smaller η PSS has a worse performance. One the other side, with certain value of η, TSS performs better than PSS when ρ is small but performs worse when ρ is large.
From Fig. 6 and Fig. 7 , it is seen that the throughput of the ambient backscatter system is related to all parameters κ, ρ, and η, which should be selected jointly for a better transmission.
VI. CONCLUSIONS
In this paper, we presented TSS and PSS strategies for ambient backscatter system and derived the optimal reflection coefficient at the tag as a function of channel variation. We further obtained the analytical expression for the outage probability and the optimal throughput for both TSS and PSS. The numerical analysis were provided to demonstrate the superiority of the proposed strategies over the traditional ones and also brought insights over the system parameter selection. Future extension of this work, is to consider a more realistic multi-tag network environment and study the optimization schemes that rely on statistical knowledge. 
